The success of laser-based trace gas sensing techniques crucially depends on the availability and performance of tunable laser sources combined with appropriate detection schemes. Besides near-infrared diode lasers, continuously tunable midinfrared quantum cascade lasers and nonlinear optical laser sources are preferentially employed today. Detection schemes are based on sensitive absorption measurements and comprise direct absorption in multi-pass cells as well as photoacoustic and cavity ringdown techniques in various configurations. We illustrate the performance of several systems implemented in our laboratory. These include time-resolved multicomponent traffic emission measurements with a mobile CO 2 -laser photoacoustic system, a diode-laser based cavity ringdown device for measurements of impurities in industrial process control, isotope ratio measurements with a difference frequency (DFG) laser source combined with balanced path length detection, detection of methylamines for breath analysis with both a near-IR diode laser and a DFG source, and finally, acetone measurements with a heatable multipass cell intended for vapor phase studies on doping agents in urine samples.
1
Introduction: Trace gas sensing
Trace gases play a key role in various areas such as air pollution, climate research, industrial process control, agriculture, food industry, volcanology, workplace safety and medical diagnostics. There exist numerous gas sensing devices based on different detection principles like gas chromatography (GC), mass spectrometry (MS) or combinations of the two (GC-MS), chemiluminescence, Fourier transform infrared spectroscopy (FTIR), electrochemical sensors, colorimetry, etc. In recent years, laser-spectroscopic sensing devices have attracted a lot of interest (see e.g., [1] ) as they enable high detection sensitivity (down to sub-ppb concentrations) and selectivity (including differentiation between isotopomers and isomers), multicomponent capabil- Trace gas sensor requirements with corresponding approach for laser-based detection system ity and large dynamic range (several orders of magnitude in concentration), and generally neither sample-preparation nor -preconcentration are required. However, the laser source characteristics in terms of available wavelengths, tunability, linewidth, power, operation temperature, etc., as well as the combination with appropriate sensitive detection schemes are crucial for the success of laser-based sensing. Table 1 lists the main sensing requirements and the corresponding approaches using laser-based methods. Ideally, one system can fulfill all requirements. The combination of broad continuous tuning with a narrow linewidth and a certain power level favors laserbased systems.
The near-IR range is of interest for detecting molecules at higher concentrations, typically in the ppm-range or higher, by sensing molecular absorption overtones or combination bands. The near-IR absorption strengths are typically 100 times weaker than the fundamental absorptions in the mid-IR, but often favorable for simple systems and/or measurements at higher gas concentrations. Ultimate sensitivity, however, requires mid-IR wavelengths where characteristic molecular fundamental absorptions are present, also known as fingerprint region. Hence, emphasis is placed on lasers with emissions in the range between ca. 3 and 15 µm, with emphasis in the 3-4 µm region where the C−H-stretch vibration occurs, common to all hydrocarbons. Available tunable mid-IR sources include CO 2 -lasers, color center lasers, solid state lasers, III-V diode lasers and IV-VI lead salt diode lasers, quantum cascade lasers, and nonlinear optical systems. CO 2 lasers emit rather high powers, but enable only discrete wavelength tuning (line-tuning) in the 9-11 µm range with an extension to the 4.5-5.5 µm range (second harmonic generation of CO 2 laser radiation [2] ). Continuous tuning of CO 2 lasers is feasible at high gas pressures of approximately 10 bars, yet only pulsed [3] . Color center lasers are hardly used for trace gas sensing [4] as they do not operate in the range beyond approximately 3 µm and generally require a strong pump laser and often cryogenic cooling for the alkali halide crystal containing the color centers. Solid state lasers with emissions exceeding 3 µm are rare. For example, a fiber-laser pumped Cr 2+ :ZnSe laser exhibits a broad tuning range from 2.2 to 3.1 µm [5] at a cw power of 1 W, or a Fe 2+ :ZnSe laser emitting between 3.9 and 4.5 µm [6] are mentioned here. While the first device operates at room temperature, the latter needs cryogenic cooling and only runs in pulsed mode. The emission of fiber lasers, e.g., erbium-doped ZBLAN, can be tuned by > 100 nm, but ends around 2.7 µm.
The wavelength range of III-V diode lasers is extended by using GaSb-based materials instead of GaAs or InP. As an example, such lasers with cw operation at room temperature and current and/or temperature tuning around 2.74 µm are commercially available and even longer wavelengths have been reported with interband cascade Sb-based diode lasers (ICL) [7] . Unlike quantum cascade lasers (QCLs, see below), these lasers use transitions between conduction band and valence, band but similar to QCLs, injected electrons are used several times via a cascade structure for the generation of photons, thereby considerably reducing the threshold current density. CW operation at wavelengths around 3.3 µm has recently been achieved with thermoelectric instead of the previous cryogenic cooling [8] and emission beyond 5 µm was realized at cryogenic temperatures of ≤ 163 K for cw and ≤ 240 K for pulsed operation [9] . However, the tuning by current and/or temperature is rather small and wavelength coverage is limited.
An alternative are IV-VI lead salt diode lasers [10, 11] . Depending on the material composition their tunability ranges from approximately 3 µm to 32 µm. Coarse wavelength tuning is achieved by temperature, and fine tuning is achieved by current. The mode-hop free tuning range is typically only 1 cm −1 . The drawbacks are the required cryogenic cooling and a rather low power of typically 0.1 mW. More recently, optically pumped lead salt diode lasers have been realized [12, 13] .
Quantum cascade lasers (QCLs), introduced in 1994 [14] , are semiconductor lasers using transitions within the conduction band. Hence, the wavelength can be tailored by the thickness of the layer rather than being determined by the bandgap. Today, a whole variety of QCLs are commercially available, including pulsed and cw devices with DFG structure, cryogenic or thermoelectric cooling or room temperature. The tuning is typically done by temperature tuning and reaches several cm −1 . Today, cw powers of QCLs are typically in the range of several mW with powers > 100 mW being reported [15, 16] . Most recently, external cavity QCLs have been realized [17, 18] which extend the tuning range to typically ±5% of the center wavelength. QCL wavelengths now extend from ca. 4 to beyond 24 µm with devices operating also in the THz region. The wavelength coverage and tuning capabilities, though, are still limited, particularly in the important 3-4 µm range. Nevertheless, QCLs certainly represent very promising sources for gas sensing applications. They are discussed in other papers -notably by Kosterev et al. -in this special issue.
A final option of tunable mid-IR lasers are sources based on nonlinear optical processes. They comprise optical parametric oscillators (OPOs) [19, 20] and difference frequency generation (DFG) [21, 22] devices. Both are roomtemperature systems yielding broad tuning ranges often exceeding 100 cm −1 . Depending on the nonlinear medium, any wavelength in the 3-15 µm range can be accessed. An often used nonlinear material is periodically poled LiNbO 3 called PPLN. It enables tuning in the important 3-4.5 µm range. Many configurations of such systems have been introduced and some commercial apparatuses exist. The drawback of these systems is the rather costly set-up with two primary sources (for DFG), a strong pump laser (for OPO) and an appropriate nonlinear crystal. While the cw power levels are typically in the µW to mW range for DFG systems, high powers even above 2 W are achieved with OPOs.
An important aspect of all sources concerns the linewidth which essentially determines the achievable selectivity, e.g., in multi-component gas mixtures or in isotope-selective studies. In this respect, cw sources are preferred as linewidths of MHz can typically be achieved in a straightforward manner. There is certainly still a need for the further development of tunable mid-IR lasers, as the ideal source does not yet exist. Table 2 summarizes the main characteristics of today's tunable mid-IR lasers. As the ideal source meeting all requirements does not exist, a good compromise can usually be found.
Detection schemes
The detection methods for trace gas sensing are typically based on sensitive absorption measurements. These include direct absorption, photoacoustic or cavity ring-down spectroscopy. To enhance the sensitivity in direct absorption, the absorption path length is increased by using multipass cells, mostly of White [23] or Herriott [24] type featuring total path lengths of tens of meters. Furthermore, wavelength modulation (WM) and detection at the first or second An alternative approach uses the photoacoustic (PA) effect originally introduced in 1880 [25] and experiencing a renaissance with the advent of lasers. Various types of PA cell designs have been developed [26, 27] , including multipass resonant PA cells or open PA cells. Most studies are performed with acoustically resonant cells equipped with a miniature electret microphone and cw radiation modulated at the resonance frequency. Since the PA signal is directly proportional to the absorbed power, the PA technique is a zero-background technique resulting in high sensitivity on the order of 10 −9 cm −1 Hz −1/2 . New developments include a quartz-enhanced configuration named QEPAS [28] and a version with an interferometric detection of cantilever movement instead of a microphone [29] .
Recently, cavity ring-down spectroscopy (CRDS) has successfully been employed in trace gas sensing [30, 31] . Modifications of the original approach include the use of cw radiation instead of pulsed radiation injected into the external cavity, then often called cavity leak-out spectroscopy (CA-LOS) [32] or an arrangement known as off-axis integrated cavity output spectroscopy (ICOS) [33] . These techniques are based on an external cavity with highly reflecting mirrors with a reflectivity of ≥ 99.99%. Instead of an absorption, a ringdown time is measured which has the advantage that laser power fluctuations do not influence the measurement. The calibration is easily done by comparing the ring-down time of the empty cavity with that of the cavity filled with the sample, i.e., no calibration gas is necessary as, e.g., in PAS. Owing to the long path length of kilometers realized with the external cavity, high sensitivities of typically 10 −9 cm −1 Hz −1/2 can be achieved. The drawback of the technique is the requirement for high-reflectivity mirrors which limits the usable wavelength range to some 10% of a central wavelength which is in contrast to PAS or multipass absorption spectroscopy where the same cell and mirrors can be used for different wavelength ranges. Furthermore, the laser beam quality is more critical than with the other techniques.
The selection of the detection scheme mainly depends on the laser source employed (particularly its wavelength range, power and beam quality), and the application requirements (particularly sensitivity and robustness).
Laser monitoring systems
In the following, the performance and potential of laser-based trace gas sensing systems is illustrated with examples of applications in diverse areas recently developed in our laboratory.
Traffic emission measurements
Within the frame of a measurement campaign, we demonstrated field sensing with an unattended mobile 12 CO 2 -and 13 CO 2 -laser-photoacoustic system employed for time-resolved street traffic emissions of ethylene (ethene, C 2 H 4 ), ammonia (NH 3 ) and CO 2 [34] . The ambient air was pumped continuously through a resonant multipass PA cell equipped with 16 miniature microphones at a flow rate of 1.5 l/min. A typical PA spectrum (normalized with the incident laser power) is plotted in Fig. 1 . It depicts the PA signals at both the 12 CO 2 and 13 CO 2 discrete laser transitions. Dominant lines of ammonia, ethene, CO 2 and water vapor absorption are indicated. During the measurement campaign, PA signals were recorded alternatively on appropriately selected CO 2 laser lines corresponding to prominent absorption lines of the gases of interest. Special attention was also given to the data analysis taking into account the so-called kinetic cooling effect [35, 36] . Figure 2 shows simultaneous recordings of three compounds during one week. The traffic counts per 10 minutes for light and heavy vehicles are also indicated. A good correlation between the derived concentrations of the gas compounds and the traffic count was observed, however, somewhat less pronounced for ammonia. Morning and evening peaks with concentrations of > 2000 ppm for CO 2 , up to 400 ppb for C 2 H 4 and > 600 ppb for NH 3 were clearly visible during weekdays and rather broad distributions over the weekend. The NH 3 peaks appeared slightly broader, and usually slightly delayed with 292 Applied Physics B -Lasers and Optics respect to the peak concentrations of the other gases presumably caused by adsorption/desorption processes in the teflon inlet tube and at the cell walls. This was also manifested in the temporal fluctuations of concentrations (related to the fluctuating traffic count), which were again less pronounced for NH 3 . The measured gas concentrations were all well above the detection limits of the system, amounting to 70 ppt for both C 2 H 4 and NH 3 under interference-free conditions.
The temporal evolution and/or typical gas average concentrations were all confirmed in this campaign by independent measurements with other instrumentation like FTIR, differential optical absorption spectroscopy (DOAS, UV range), gas chromatography, impinger, denuder, etc. [37] . In combi-nation with the traffic flow data, emission factors could be determined: for NH 3 , a factor of 31 ± 4 mg/km for light-duty vehicles (essentially cars) and 14±7 mg/km for heavy-duty vehicles (mainly trucks) could be derived. Our measurements demonstrate that in situ laser-based PA measurements with a fully automated stand-alone system are feasible for timeresolved recording of selected compounds even in an extremely noisy and dusty environment with a vibrating ground and ever changing conditions.
4.2
Near-IR industrial gas sensing
In collaboration with an industrial partner, we performed a feasibility study for on-line sensing of acetylene (C 2 H 2 ) contaminants at the sub-ppm level in an ethylene (ethene, C 2 H 4 ) carrier gas flow [38] . This has important implications for the petrochemical industry as impurities such as C 2 H 2 play a crucial role for the production of plastics which demand pure C 2 H 4 . Currently, such measurements are performed by GC. This well-established technique is, however, operating at its limit of detection and the preferred temporal resolution for true on-line measurements is not met by GC. We used a fiber-coupled cw ECDL tunable around 1530 nm and a homemade cavity ringdown cell equipped with two mirrors of > 99.99% reflectivity and a piezo-electric modulator for sweeping the cavity length to ensure the excitation of a single fundamental longitudinal cavity mode. An acoustooptic modulator was inserted into the laser beam before entering the fiber to switch off the laser beam immediately after the incident laser frequency had matched a cavity mode frequency. The radiation leaking out of the cavity was recorded with a fast InGaAs photodiode. With this rather simple, robust and economical set-up for industrial applications, and a laser power of only 1.4 mW and a PZT sweeping rate of only 10 Hz, we achieved a minimum detectable absorption coefficient α min = 4.5 × 10 −8 cm −1 Hz −1/2 for a signal-to-noise ratio SNR = 1. After careful selection of the most appropriate wavelength by tuning the ECDL, the C 2 H 2 P(9) line at FIGURE 3 Gas-flow measurement of stepwise increasing acetylene (C 2 H 2 ) concentrations in a flow of ethene (C 2 H 4 ). The flow rate is 200 cm 3 /min at a gas pressure of 20 mbar. The C 2 H 2 concentration is increased stepwise in steps of 250 ppb until an added concentration of 2.5 ppm. After 55 min the concentration step is increased to 500 ppb. After 80 min the cell is flushed with pure C 2 H 4 1530.3718 nm [39] was found to suffer least from absorption interference with the C 2 H 4 background. Above sensitivity corresponds to a C 2 H 2 detection limit of 20 ppb at 100 mbar total pressure under interference-free conditions which increases to 160 ppb in the background of C 2 H 4 . This limit was demonstrated with a linear plot of derived absorption coefficient versus C 2 H 2 concentration added to the normal C 2 H 4 flow at a time resolution of 1 min. The results are depicted in Fig. 3 . At a flow rate of 200 cm 3 /min and 20 mbar cell pressure, C 2 H 2 was added stepwise to the C 2 H 4 flow while the cell was flushed with pure C 2 H 4 after 80 minutes.
4.3
Isotope-ratio measurements
In addition to general trace gas sensing, the isotopic compositions of certain species are often of great interest as they enable conclusions on the origins of the species as well as their uses as tracers. Application fields include ecological gas exchange, volcanic emission, medical diagnostics, extraterrestrial atmospheres, etc. In ecosystem research, isotope ratios of molecules such as CO 2 , H 2 O, N 2 O, NO and NO 2 [40] are of interest as they may enable the identification of their origin. As example, CO 2 may originate from natural sources (soil and plants) but also from anthropogenic activity (combustion, etc.), yet the isotopic compositions are different for the different sources. In volcanic research, changes of isotope ratios of emitted volcanic gases can serve as indicators of increased volcanic activity and eventually be used for eruption forecast [41] in combination with seismic activity. A prominent example of medical diagnosis is the presence of Helicobacter pylori, the bacteria associated with peptic ulcers and gastric cancer, being manifested by increased 13 C/ 12 C isotope ratios recorded in exhaled CO 2 after intake of 13 C as a tracer into the body [42] . A further application concerns isotope ratio measurements in extraterrestrial atmospheres. As example, a near-IR tunable-diode-laser based instrument is being developed for future in-situ measurements of H 2 O and CO 2 isotopes in the Martian atmosphere [43] .
The beam of the difference frequency generation (DFG) source is split into four beams with short and long paths through the multipass sample cell, as well as short and long paths through the reference cell. The He-Ne laser is used for beam alignment ratio of a sample is normally compared to the one of a standard reference substance and the deviation of these ratios defines the so-called δ-value [44] :
where main C denotes the concentration of the main isotope and minor C the one of the less abundant isotope, whereas the indices sample and ref correspond to sample gas and standard reference gas, respectively.
The standard method to determine isotope ratios is isotope-ratio-mass-spectrometry (IRMS), characterized by its excellent precision and accuracy on the order of 0.1‰ [45] . However, this instrument requires careful and time-consuming sample preparation and is rather bulky for field measurements. A promising alternative is laser spectroscopy which features an even better selectivity, good time resolution, no need for sample preparation and potential for field-deployable instrumentation. However, to achieve a similar performance at trace gas levels with laser spectroscopy, as with IRMS, presents a challenging task.
We implemented a mid-IR laser-spectroscopic system for simultaneous CO, CO 2 and N 2 O isotope ratio measurements at trace concentrations. For a laser source, a cw DFG system was built consisting of a diode-pumped cw Nd:YAG laser (2W, Mephisto; InnoLight GmbH) as a signal laser at the fixed wavelength of 1064.5 nm, an ECDL (cw 150 mW, tunable 820-875 nm, Lynx; Sacher Lasertechnik) as pump laser and a 5 cm long MgO-doped periodically poled LiNbO 3 (MgO:PPLN) crystal inserted into a temperaturecontrolled oven (HC-Photonics) as a nonlinear optical mixing medium. For the idler wavelength range between 4.3 and 4.7 µm, we only used the PPLN grating with a periodicity of 23.1 µm, the ECDL tuning range of 852-868 nm and a temperature tuning of the oven between 30
• C and 130
• C. The idler power amounts to 23 µW at 4.3 µm and drops to 5 µW at 4.76 µm owing to increasing crystal absorption toward 5 µm. The linewidth amounts to approximately 1 MHz dominated by the ECDL linewidth of 1 MHz (the Nd:YAG laser linewidth is only 100 kHz). Recently, we also implemented a fiber-coupled DFG source which features a better idler beam shape, improved robustness and compactness, yet lower power owing to fiber coupling losses. This fiber-DFG system and its performance will be published elsewhere.
We combined our room-temperature DFG source with different detection schemes: direct absorption measurement with data acquisition card or wavelength modulation with first harmonic detection, only long path (10 m or 36 m) in sample cell, or balanced path length to take the different abundances and hence absorbances of isotopes into account. The experimental arrangement for balanced path length detection is depicted in Fig. 4 . It shows four different path lengths, two of them through the sample cell (short path with just 1 mirror reflection, long path with 182 reflections for 36 m in total), and two of them through the reference cell with one path along and one path across the cell. We evaluated the performance of the systems with respect to reproducibility and time resolution. Table 3 O. It is obvious that the reproducibility improved substantially when using a dual-cell -(with sample and reference cell) instead of a single-cell -(only sample cell) set-up. The only long-path system was rather sensitive to temperature changes whereas the balanced path-length detection was much less prone to temperature changes but exhibited a worse S/N ratio because the power needed to be split into four beams instead of two. Similar performance is achieved for the free-space DFG and the fiber-coupled DFG system both combined with dual-cell arrangement with balanced path length and WM, yet the day-to-day reproducibility of the latter is much better. In fact, this improved day-to-day reproducibility now allows us to correct the δ-value for an often observed offset. Generally, the direct absorption scheme with data ac- Comparison of different measurement methods used (WM: wavelength modulation, direct: direct absorption spectroscopy, reproducibility: with respect to measurements performed the same day), system: free-space DFG unless otherwise indicated quisition card yields the best time resolution. It should also be mentioned that isotope ratios like 14 N 15 NO/ 15 N 14 NO can be determined in a straightforward manner in contrast to IRMS, which does not enable a direct determination due to identical masses of these two isotopes. It is the first time that N 2 O isotope ratios have been measured with laser spectroscopic methods at these trace levels [46] . A more detailed report on the CO measurements will be published elsewhere. Although the achieved precision -usually in the range of a few ‰ -as well as the reproducibility are not yet sufficient for actual field measurements where ambient concentrations amount to typically 320 ppb and precisions ∆δ and reproducibilities of < 1‰ are required, further developments with higher laser power and temperature-controlled sample and reference cells are expected to considerably increase the future system performance.
Breath analysis
Exhaled human breath is a complex gas mixture containing hundreds of different species [47] [48] [49] [50] . The most prominent ones are nitrogen, oxygen, carbon dioxide and water vapor, yet there are traces of numerous other gases and volatile organic compounds (VOCs) present. Recent studies in medicine and clinical toxicology -mainly performed by gas chromatography combined with mass spectrometry (GC-MS) -suggest certain correlations between the presence and concentration of specific trace gases (e.g., nitric oxide, carbon monoxide, ethane, isoprene, acetone, amines, and sulphides) and several common disorders like liver disease, lung cancer, heart disease, exposure to environmental toxins, schizophrenia, uncontrolled diabetes and malnutrition [51] . It has been recognized rather early that such correlations could be used to establish a new noninvasive diagnostic tool based on the quantification of certain compounds or mixtures of compounds in exhaled air. The correlation between exhaled compounds and specific diseases, however, is often ambiguous and it would therefore be helpful to sense several trace gases in the breath simultaneously to increase both the specificity and the reliability of diagnosis.
The main challenges are related to the low concentrations (≤ ppb) of many compounds in breath and the strong interference by the dominant gases. In the IR range this concerns CO 2 and H 2 O vapor which are both present in the percent range. With the relevant features of high sensitivity and specificity, IR laser spectroscopy holds a great potential for medical diagnostics [52] [53] [54] .
In a recent project we focused on the detection of methylamines in human breath as possible tracers for liver or renal diseases [55, 56] . The first spectroscopic studies were performed on air samples containing given concentrations of monomethylamine (MMA, (CH 3 )NH 2 ); dimethylamine (DMA, (CH 3 ) 2 NH) and trimethylamine (TMA, (CH 3 ) 3 N). The chemical structures of these compounds are depicted in Fig. 5 . As these methylamines are polar molecules, they have a strong affinity to stick to surfaces. In order to prevent fluctuations of their concentrations, we designed and used a constant flow generation and handling system comprising a fixed flow of nitrogen as buffer gas through a permeation chamber where a sample of liquid methylamine solution was kept in a sealed teflon tube at constant temperature and gas flow rate. The chamber temperature and the N 2 flow rate enable a control of the methylamines between 1 and 1000 ppm [57] .
In the near-IR range we used an ECDL combined with cavity ringdown spectroscopy (CRDS), whereas a DFG multipass absorption spectrometer was employed in the mid-IR. The first overtone of the NH stretch vibration at 1505-1550 nm was probed and a minimum detectable absorption coefficient α min = 1.55 × 10 −8 cm −1 (for SNR = 1) was achieved. This corresponds to 350 ppb for MMA and 1.6 ppm for DMA under interference-free conditions in synthetic gas mixtures. If the interferences with H 2 O and CO 2 in exhaled air are taken into account these limits increase to 10 and 60 ppm for MMA and DMA, respectively, for SNR = 1. These latter concentrations are still 3-4 orders of magnitude too high to ensure a medical diagnosis. Furthermore, TMA cannot be sensed in the near-IR as there is no N−H stretch vibration and hence also no overtone (see Fig. 5 ).
In the mid-IR region, the fundamental C−H stretch vibrations of all three methylamines can be sensed. As in the isotope-ratio measurements (see Sect. 4.3), we implemented 6 Calculated spectra of methylamines (MMA, DMA and TMA) according to the PNNL database [58] at ppb concentrations, in presence of 3% H 2 O and 5% CO 2 [59] . In contrast to the near-IR region, no interferences are occurring as the inset indicates FIGURE 7 Wide scan of a mixture of 24 ppm DMA and 20 ppm TMA diluted in a nitrogen flow at 950 mbar total pressure with the cw-DFG system. The gaps in the transmission spectrum are caused by the random nature of step-motor tuning of the ECDL signal laser. The solid line represents the corresponding transmission according to the PNNL database [58] a mid-IR source based on DFG between a diode-pumped Nd:YAG laser and an ECDL in the 815-835 nm range yielding cw idler radiation between 3.5 and 3.9 µm. As the power is in the µW range, we used again long-path absorption and ratiometric detection yielding a minimum detectable absorption coefficient α min = 3.8 × 10 −6 cm −1 for SNR = 1. With an averaging time of 300 ms of the lock-in amplifiers, this corresponds to a sensitivity of 2 × 10 −6 cm −1 Hz −1/2 . This limit is apparently 2 orders of magnitude worse than what we achieved with higher laser power and CRDS detection in the near-IR. However, since the absorption cross sections in the mid-IR are higher, the minimum detectable concentrations become similar. Even more important is the fact that all three methylamines can be measured without interference from H 2 O vapor and/or CO 2 present at the percent level. The situation is presented in Fig. 6 with calculated spectra for MMA, DMA and TMA according to the PNNL database [58] at ppb concentrations in the presence of 3% H 2 O vapor and 5% CO 2 (Hitran database [59] ), as typically encountered in human breath.
Since all methylamines feature C−H bonds and since at least one methyl group is present in all of them, it is a challenging task to distinguish between them. Figure 7 presents a measurement of a mixture consisting of (24 ± 1.2) ppm DMA and (20 ± 1.2) ppm TMA at 950 mbar total pressure. Absorption features and detection limits of the methylamines in the mid-IR A clear distinction is easily achieved with two absorption peaks at 2775 cm −1 and 2823 cm −1 for TMA and one intermediate absorption peak at 2790 cm −1 owing to DMA absorption. Since the characteristic narrow absorption lines of each gas are positioned in regions of flat background absorption of the other gas in the mixture, only intermediate accuracies could be realized. Table 4 lists the absorption data derived. The detection limits (SNR = 1) given apply for interferencefree conditions but are identical for breath samples with the usual CO 2 and H 2 O vapor concentrations as interference does not occur in the chosen mid-IR range.
4.5

Analysis of vapors
From time to time, doping affairs in sports appear in the headlines. The doping controls are conducted in 36 accredited laboratories worldwide. The challenging analyses require highly sensitive and selective instrumentation and at the same time the results should be available quickly. The illegal doping agents taken by athletes are currently detected in urine samples primarily using gas and liquid chromatography coupled to mass spectrometry (GC-MS and LC-MS) [60] . Although these well established techniques yield excellent sensitivity limits, the sample preparations are sophisticated and time consuming. Complementary methods would thus be welcome, also methods that enable clear and easy structural differentiation. An example is ephedrine which is prohibited for its stimulatory effects when its concentration in urine exceeds 10 µg/ml, whereas pseudoephedrine, its rather inactive diastereoisomer, is legal.
First, spectroscopic studies with a broadband (8 cm −1 ) optical parametric generator were aimed at recording vaporphase spectra of various doping agents of different classes (anabolics, stimulants, beta blockers and diuretics) [61] . In the current project, we employ a narrowband DFG source based on a pulsed diode-pumped Nd:YAG laser (pulse duration: 6 ns, peak power: 5 kW, pulse repetition rate: 4-8 kHz; InnoLight) as a pump laser, a cw ECDL (tuning range: 1520-1600 nm, power: 5-9 mW, linewidth: < 4 MHz; Santec or EOSI/Newport) as a signal laser and PPLN as a nonlinear mixing medium. This laser source is equipped with an automated wavelength control. The idler radiation can be tuned either across a wide range of 329 cm −1 (between 2815 cm −1 and 3144 cm −1 , i.e., between 3.18 µm and 3.55 µm) with a stepwidth of 0.04 to 0.4 cm −1 with a fully computer-controlled step motor and PPLN temperature control, or within a narrow range of 1-2 cm −1 with a piezoelement. The average power is < 1 mW with a linewidth of 150 MHz. The extraordinarily broad tuning range is crucial for spectroscopically analyzing doping agents as well as other large molecules as they exhibit broad absorption features in the mid-IR region.
In order to study molecules in the vapor phase at elevated temperatures, we developed a high-temperature multipass cell [62] of Herriott type which is heatable up to 600-700 K depending on the window sealing type, with an accuracy of ±1 K. The total optical path length can be varied between 9 and 35 m. The cell mirrors are heated separately to slighty above the cell temperature in order to avoid condensation. After initial test measurements on water vapor and methane at elevated temperatures, we continued with measurements on acetone vapor. Acetone ((CH 3 ) 2 CO) exhibits 24 vibrational modes, grouped into 8 of symmetry species A 1 , 4 of A 2 , 7 of B 1 and 5 of B 2 [63] . Acetone is not only of spectroscopic interest because it plays an important role in tropospheric chemistry [64, 65] and is found in interstellar space [66] [67] [68] , but also because it is present at elevated concentrations in exhaled breath of patients with diabetes or patients on ketogenic diets [69] [70] [71] and therefore is referred to as a biomarker for diabetes. Although no laser-based detection of acetone in real breath samples has been reported so far, there is great interest in such devices. Recently, acetone has been measured in a mixture with Freon 125 with an EC-QCL with a wide tuning range of 135 cm −1 around 8.4 µm combined with QEPAS [72] . The retrieved acetone spectrum enabled the determination of a detection limit for acetone in the ppb range. In earlier measurements we used Wavelength ν Abs. cross section C−H stretching vibrational modes, assignments and effective cross sections of acetone at temperatures of 296 K and 400 K a CO laser PA spectrometer and derived a limit of 4.2 ppb for acetone in the region of the strong carbonyl stretching vibration around 1740 cm −1 [73] . In Fig. 8 we present two spectra of acetone vapor in the (weaker) C−H stretching absorption region around 3000 cm −1 measured in our high-temperature multipass cell with a total path length of 31.7 m at 296 K and 400 K. The measured spectra represent single scans taken on 1665 ppm acetone buffered in 100 mbar of N 2 at 296 K and 130 mbar N 2 at 400 K. The room-temperature spectrum is compared with an FTIR spectrum recorded at 1 atm with a spectral resolution of 0.125 cm −1 . Despite the different total pressures, excellent agreement is observed because the rotational lines overlap even under our reduced pressure conditions, resulting in a continuous contour of the absorption spectrum. The FTIR spectrum was only scaled in the absorbance axis to fit our experimental conditions.
The three distinctive features could be assigned to C−H stretching vibrational modes taken from theoretical work [74] . The assignments and measured effective absorption cross sections are listed in Table 5 .
The weak mode at 2929.4 cm −1 is hardly visible in Fig. 8 but can clearly be distinguished in the data. Another weak peak which appears at 2942.0 ± 0.1 cm −1 and the broad band, centered around 2947 cm −1 , could not be assigned. The error in the observed wavenumber is given by the chosen step width of 0.08 cm −1 to record the spectrum. The indicated errors in the effective absorption cross section is dominated by the uncertainty of the injected volume of acetone into the cell. Taking the effective cross section at 2970 cm −1 and a noise level of 0.3% (transmission scale) as derived from indepen-FIGURE 9 Signs of degradation at 500 K in the C−H stretching vibration band of acetone. The spectrum was recorded with 1665 ppm acetone buffered in 170 mbar N 2 . The narrow lines above 3000 cm −1 , e.g. at 3010.231 or 3056.357 cm −1 can be assigned to water vapor, whereas the numerous lines below 3000 cm −1 are predominantly caused by formaldehyde (CH 2 O) absorption dent measurements on gases, a detection limit of 760 ppb acetone in 1 atm N 2 can be projected for SNR = 3. In addition, we recorded a spectrum at 400 K which deviates from the one taken at 296 K. In particular, the main peak at 2970 cm
decreases as a result of lower state depopulation as clearly visible in the inset of Fig. 8 . In contrast to a common FTIR spectrometer, we could easily increase the temperature of our cell further. An acetone spectrum taken at 500 K is depicted in Fig. 9 .
First signs of degradation of acetone are visible at this temperature. In addition to the broad acetone absorption, narrow lines appear in the spectrum that are resolved due to the narrow laser linewidth. Whereas the lines above 3000 cm [75] . Although the reproducibility of this measurement was not further investigated, it indicates the magnitude of the consequences of a possible leak at higher temperatures.
Most recently, we performed the first analyses of prepared urine samples in the vapor phase in our cell. The first results clearly indicate the unambiguous differentiation between blank urine, urine with added ephedrine at concentrations close to the level prohibited in sports and urine with added pseudoephedrine. The results of these studies will be published elsewhere [76] .
5
Conclusion and outlook
Laser-based detection devices for trace gas sensing fulfill most requirements with respect to multi-component capability, sensitivity, specificity, time resolution, field deployment, etc. The ideal system combination in terms of laser source and detection method strongly depends on the application. Several systems and their performance in various applications have been discussed. An automated CO 2 -laser photoacoustic system has demonstrated its suitability for street traffic emission sensing in a harsh environment. Concentrations of CO 2 , ethene and ammonia have been continuously recorded during several weeks with a time resolution of 5 min. In an industrial collaboration, a near-IR system with an external cavity diode laser and a cavity ringdown cell has been implemented and applied to the laboratory measurements of acetylene traces in a background flow of technical grade ethene. Added acetylene concentrations of 160 ppb could be recorded with a time resolution of 1 min. Instead of a conventional gas-chromatography mass spectrometry (GC-MS) system, with inferior temporal resolution, such a laser-based device could be of interest for direct implementation into a polyethylene production site.
Isotope ratio measurement is another area where laser spectroscopy is of great interest, owing to the high spectral resolution which also enables site-selective isotope differentiation, e.g., between 14 16 O where conventional mass spectrometry cannot provide direct measurements. We present a free-space and a fiber-coupled DFG system for isotope ratio measurements of N 2 O, CO and CO 2 at ppm concentrations, all with a single device. Direct absorption and wavelength modulation as well as different types of cell configurations including balanced path lengths with sample and reference cell have been compared. Although the desired precision and reproducibility of < 1‰ has not been achieved yet in this study, current developments in terms of laser devices with higher power and better spectral purity, such as widely tunable QCLs as well as the use of temperature-controlled sample and reference cells, will yield the desired precision combined with better time resolution and field capability, and hence be competitive with the isotope ratio mass spectrometry (IRMS) technique.
Noninvasive medical diagnosis using breath analysis is another topic of great interest. We have discussed the detection of methylamines considered as biomarkers for liver and renal diseases. Both a near-IR cavity ring-down and a mid-IR DFG-based multipass absorption system have been implemented. Detectable concentrations in the carefully selected interference-free wavelength range between 2740-2860 cm −1 are 900 ppb for mono-methylamine, 450 ppb for di-methylamine and 120 ppb for tri-methylamine, even with 3% H 2 O and 5% CO 2 usually present in human breath. These values are still 2 orders of magnitude above actual methylamines concentrations in breath. However, with higher laser powers becoming available in above wavelength range (either with waveguide DFG sources or eventually QCLs), the laser source could be combined with a cavity ring-down cell yielding the desired high sensitivity.
Finally, a new type of high-temperature multipass Herriott cell and an extremely broadly tunable DFG source (tuning range > 300 cm −1 ) are presented. This system is being used for absorption studies on condensable vapors and large molecules. For example, the whole C−H stretching band of acetone vapor has been measured between 2810 and 3140 cm −1 at temperatures of 296 K, 400 K and 500 K. The room temperature spectrum agrees very well with a FTIR spectra. At 500 K, however, first signs of acetone degra-dation were found and could be assigned to water vapor and formaldehyde formation. In a current project, we employed this system to detect doping agents in urine. Ephedrine (used as stimulant in sports) and its diastereoisomer pseudoephedrine could be clearly distinguished. This example demonstrates another successful application and opens the pathway to new areas in which laser sensors could play an important role in the future.
